A DVANCING age brings about profound changes in human locomotion. Old adults' gait is characterized by slow speed, short steps, reduced joint range of motion, and mechanical plasticity, reflecting the age-related changes in the neuromuscular system (1-4). For an unknown reason, however, and despite these adaptations, the net metabolic cost of walking (C w ) increases with age (5-11). Although directly not examined yet, such an increase in C w could be clinically significant because it can increase the sense of effort, fatigue, and the potential for accidents and reduces the ability for physical activity. Because increased C w in old adults is not related to gender, level of physical fitness, and internal mechanical limb work, we hypothesized (12) that neural mechanisms, an increase in agonist muscle activation and antagonist muscle coactivation (reviewed in (13)) during the gait cycle, mediate the age-related increase in C w . Although an increase in muscle activation and coactivation would increase cost, it could also have benefits by increasing stability of joints involved in gait. The hypothesized neural mechanism would increase the amount of active muscle involved in gait without an increase in mechanical work, increasing C w . Previous studies reported low-to-moderate associations between coactivity and C w (14,15) but did not examine the possibility that an age-related increase in muscle activity per se (12, (16) (17) (18) contributes to C w and whether increased C w is also present in other locomotor tasks such as incline and decline gaits routinely prescribed exercise modalities (10). Incline and decline gaits comprise, respectively, mostly shortening and lengthening contractions with shortening contractions requiring higher metabolic cost (19). Because old adults tend to activate sooner and more strongly their leg muscles in descending gait tasks (16,20-24), we expected to observe an interaction between age and gait tasks due to the especially high C w in old adults in decline gait. The purpose of the present study was to compare C w during incline, level, and decline gaits between healthy young and old adults and determine if agonist and antagonist coactivity of leg muscles is associated with C w .
A DVANCING age brings about profound changes in human locomotion. Old adults' gait is characterized by slow speed, short steps, reduced joint range of motion, and mechanical plasticity, reflecting the age-related changes in the neuromuscular system (1) (2) (3) (4) . For an unknown reason, however, and despite these adaptations, the net metabolic cost of walking (C w ) increases with age (5-11). Although directly not examined yet, such an increase in C w could be clinically significant because it can increase the sense of effort, fatigue, and the potential for accidents and reduces the ability for physical activity. Because increased C w in old adults is not related to gender, level of physical fitness, and internal mechanical limb work, we hypothesized (12) that neural mechanisms, an increase in agonist muscle activation and antagonist muscle coactivation (reviewed in (13) ) during the gait cycle, mediate the age-related increase in C w . Although an increase in muscle activation and coactivation would increase cost, it could also have benefits by increasing stability of joints involved in gait. The hypothesized neural mechanism would increase the amount of active muscle involved in gait without an increase in mechanical work, increasing C w . Previous studies reported low-to-moderate associations between coactivity and C w (14,15) but did not examine the possibility that an age-related increase in muscle activity per se (12, (16) (17) (18) contributes to C w and whether increased C w is also present in other locomotor tasks such as incline and decline gaits routinely prescribed exercise modalities (10) . Incline and decline gaits comprise, respectively, mostly shortening and lengthening contractions with shortening contractions requiring higher metabolic cost (19) . Because old adults tend to activate sooner and more strongly their leg muscles in descending gait tasks (16, (20) (21) (22) (23) (24) , we expected to observe an interaction between age and gait tasks due to the especially high C w in old adults in decline gait. The purpose of the present study was to compare C w during incline, level, and decline gaits between healthy young and old adults and determine if agonist and antagonist coactivity of leg muscles is associated with C w .
Methods

Participants
We recruited six healthy young male and six young female and five old male and seven old female adults (n = 24) through newspaper advertisements and word of mouth. Based on a physical exam by each participant's family physician and an extensive telephone interview conducted by an experienced laboratory staff, old adults were extremely healthy and free of orthopedic, neurological, and behavioral conditions, and all were able to execute the walking tasks without complications or fatigue. Table 1 shows that young and old adults were similar in height, mass, body mass index, preferred walking speed, standing oxygen uptake, and had similar mobility scores in the Short Physical Performance Battery test (25) . Thus, the old participants in the present study were highly mobile, functional, and healthy and were thus limited to old adults with excellent motor function. All participants gave written informed consent before participating in the study.
Experimental Protocol
Participants reported to the laboratory for one 2-hour session and wore a heart rate monitor, shorts, sneakers, and a foot switch in the shoe under the right heel. Participants completed the Short Physical Performance Battery test to assess mobility (25) . The skin over the right fibula head, vastus lateralis (VL), biceps femoris (BF), tibialis anterior (TA), and gastrocnemius lateralis (GL) was shaved, alcohol washed, and abraded with LemonPrep abrasive skin prep. Two singleuse silver-silver chloride electromyographic (EMG) electrodes with 20-mm interelectrode distance (Noraxon USA, Inc., Scottsdale, AZ) were taped to each muscle belly. The ground electrode was affixed to the skin over the right fibula head. The EMG signals were sampled at 960 Hz, preamplified 500× 15 cm from the electrode site, and amplified 1000× in a bandwidth of 10-1000 Hz (Bortec, Alberta, Canada; Common mode rejection ratio = 115 dB at 60 Hz, input impedance 10 GW). Participants were then equipped with a mask connected to a computerized portable metabolic system (Cosmed K4b 2 , Rome, Italy), worn on the back, to measure breath-by-breath oxygen consumption (VO 2 ) and carbon dioxide production (VCO 2 ). Gas analyzers were calibrated using standard calibration gases. Flow meter was calibrated using a 3-L syringe. Participant then practiced treadmill (model T9500; Vision Fitness, Cottage Grove, WI) walking at their preferred walking speed normally for 5 minutes. Next, participants performed maximal voluntary contractions against manual resistance, and the EMG activity was recorded from each of the four muscles to normalize the EMG amplitude measured during gait.
There were four 6-minute conditions. Condition 1 was rest, and the subject stood calmly for 6 minutes, and EMG and metabolic data were collected. Conditions 2, 3, and 4 were randomized and consisted of, respectively, level walking, 6% incline, and 6% decline walking at 0.98 m/s. We selected this specific speed based on preliminary work (26) showing that old adults were able to complete the 6 minutelong slope walking trials safely and comfortably without using handrails. In particular, the descending walking task was the primary limiting factor to a safe walking speed. Five minutes into each testing condition, participants rated their perceived exertion. Participants sat for 3 minutes to rest between conditions. Metabolic, heart rate, and EMG data were collected for 6 minutes. EMG was collected with Qualisys Track Manager Software (Qualisys North America, Inc., Deerfield, IL) and analyzed in MatLab (Mathworks, Natick, MA).
Data Analysis
Data analysis was done on the data collected during Minutes 5 and 6 when every participant reached aerobic metabolic steady state in the four conditions indicated by a respiratory exchange ratio less than 1.0. VO 2 and VCO 2 (milliliters/minute) were averaged over the final 2 minutes of each trial. We used Brockaway's method to estimate the rate of energy cost (J/s) from the VO 2 and VCO 2 data normalized for body mass (27) . To determine net metabolic rate, resting metabolic rate measured during standing was subtracted from gross metabolic rate for each trial. C w was computed by dividing net metabolic rate (J·kg −1 ·s −1 ) by walking speed (m/s), giving energy cost per unit distance traveled (J·kg −1 ·m −1 ).
EMG analysis was done on the data collected during the entire duration of the gait cycle in Minutes 5 and 6 (~120 steps per condition per participant). Instead of using just the stance phase, we used this approach because simulation studies show that swing phase also contributes ~30% to the energy cost of gait (28) . Raw EMG data were full wave rectified and bandpass filtered between 20 and 350 Hz. The onset and offset of each EMG burst were determined with high accuracy using the Teager-Kaiser Energy Operator detailed previously (12, 29) . Agonist and antagonist EMG signals were normalized to their maximal EMG values measured during maximal voluntary contractions. Activation amplitude of VL, BF, TA, and GL was determined as the mean value of the linear envelop. Coactivation of the BF was measured during the main burst of the VL, and coactivation of the VL was determined during the main burst of the BF. Coactivation of TA was measured during the main burst of the LG, and coactivation of LG was determined during the main burst of TA. Total agonist muscle activity was the sum of the normalized EMG activity of VL, BF, TA, and LG during their agonist actions, and total antagonist coactivation was the sum of normalized EMG of VL, BF, TA, and LG when these muscles acted as antagonists. Figure 1 shows a typical data in a young and old adult. 
Statistical Analyses
Each dependent variable (C w , agonist and antagonist muscle activity) was analyzed with an age (young and old) by condition (incline, level, and decline walking) analysis of variance with repeated measures on condition followed by a Tukey's post-hoc contrast in case of a significant interaction or condition effect. Because muscle activation and C w both can be related to age, correlations were computed between muscle activation and C w in young participant alone, old participants alone, and in the two groups combined. Statistical significance was set at p < .05. Table 2 shows the data for metabolic variables in the two age groups and three walking conditions. Heart rate was 15 beats or 16% higher in old versus young adults across the three conditions (age main effect, p = .001), and heart rate was hierarchically highest during incline followed by level and decline walking (all different at p < .05, Tukey's posthoc). The respiratory exchange ratios were below 1.0, and heart rates were stable (data not shown), suggesting steady state under the three conditions in both groups, and were also 5.7% lower (p = .025) in old versus young adults. Mass-normalized VO 2 was highest during incline (17.1 mL·kg −1 ·min −1 ) compared with level (12.5 mL·kg −1 ·min −1 ) and decline walking (10.2 mL·kg −1 ·min −1 , all different at p < .05), and it was 8.7% higher in old versus young adults (p = 0.041). Mass-and distance-normalized C w was 18.4% higher in old versus young adults (p = .011). The age by condition interaction (p = .013) showed that C w was 7.0% (incline), 19.2% (level), and 47.3% (decline) higher in old versus young adults. Old versus young adults activated their leg muscles 67.3% more during the three gait tasks (p = .001). The age by condition interaction (p = .001) showed that muscle activation was similar (incline) but 115.6% (level) and 102.7% (decline) greater in old versus young adults. Antagonist muscle coactivation was 152.8% higher in old versus young adults (p = .001). Figure 2 shows that there was no association between agonist muscle activation and C w during incline gait. In level walking, muscle activity accounted for 30% (coefficient of determination for young), 31% (old), and 42% Values are mean ± SD. C w = metabolic cost of walking; M. activation, summed electromyographic muscle activation in percent of maximum voluntary contraction for the vastus lateralis, biceps femoris, tibialis anterior, and lateral gastrocnemius acting as agonist muscles during the gait cycle; M. coactivation, summed electromyographic muscle activation in percent of maximum voluntary contraction for the vastus lateralis, biceps femoris, tibialis anterior, and lateral gastrocnemius acting as antagonist muscles during the gait cycle; RER = respiratory exchange ratio.
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* Age main effect. † Age by condition interaction effect.
(both) of the variance in C w . The corresponding values in decline gait were 13%, 39%, and 48%. Figure 2 also shows that during incline walking antagonist muscle coactivation accounted for 23% (young), 41% (old), and 26% (both) of the variation in C w . The corresponding values during level walking were 18% (young), 43 (old), and 45% (both), and during decline walking, the values were 22% (young), 58%
(old), and 59% (both). When the data were pooled across the two age groups and three walking conditions, agonist and antagonist muscle activity, respectively, accounted for 70% and 39% of the variance in C w (Figure 3 ). Figure 3 also shows that agonist muscle activation accounted for 71% of the variation in antagonist muscle coactivation in the pooled data. 
Discussion
The main findings of the present study were that old versus young adults expended 18.4% more metabolic energy per unit mass and distance of walking, and this increased cost of gait was associated with the magnitude of agonist and antagonist muscle coactivation. These differences were not due to gait speed because young and old participants walked at the same speed in the three gait conditions. The 19.2% higher C w during level walking in old versus young adults is similar to C w published previously (range: 18%-24%) in individuals walking at ~1.0 m/s (7, 8, 14, 15, 30) . Of particular interest is the study by Peterson and colleagues (15) who recently reported that coactivation is moderately associated with Cw and contributes to higher Cw in older adults. We extend these data from level gait to walking on 6% incline and decline at 0.98 m/s and confirm that the age-related differences in C w persist for walking on sloped surfaces. The data in Table 2 are consistent with the prediction that the C w is higher during incline versus decline walking because incline walking comprises predominantly shortening contractions of the lower extremity muscles, whereas decline walking is biased toward lengthening contractions and shortening contractions are associated with higher metabolic cost than lengthening contractions (19) . It was especially notable from the age by condition interaction that old versus young adults, in line with our hypothesis, used 47.3% more oxygen per unit mass and distance in decline walking compared with the 7% difference during incline walking. The clinical implications of the agerelated increase in C w are many. Although physical activity is now widely accepted as an effective means to slow declines in cognitive and neuromuscular function in aging adults (31) (32) (33) , the increased C w raises the relative exercise intensity at a given walking speed in old adults. The increased C w may ab ovo discourage old adults from participating in physical activity and promote inactivity due an increased sense of effort and tiredness. Therefore, C w emerges as a mediator of mobility impairment in aging, but so far studies have produced mixed results to experimentally lower C w (7, 11, 34) .
Despite its clinical significance and concerted previous efforts, the cause of elevated C w in old adults remains elusive. Reduced gait economy in old adults is not related to gender, physical fitness, amount of internal mechanical limb work, step width, step length, gait instability, and stride variability (5, 6, 8, 9, 35) . To illustrate, old versus young adults spend more time in double support during walking. Thus, the two stance limbs in old adults may generate opposing forces over a greater distance and perform more opposing work during double support. However, old adults generate actually less mechanical work coupled with higher C w (8) . We thus proposed the hypothesis that instead of such mechanical variables, neural factors mediate the age-related increase in C w (12) . A recent study reported that the increased leg muscle coactivation during level walking at five speeds did indeed moderately contribute to C w in old adults (15) . Results of the present and the previous study (15) further agree that in both cases, the correlations were driven by old adults' data.
Here, we expanded the original hypothesis by including muscle activation in predicting C w . Old adults activated their leg muscles during ascent and level gaits substantially higher (Table 2) , confirming previous data on the age-related increase of neural cost and relative effort needed to execute activities of daily living (16) (17) (18) (36) (37) (38) . Although many factors affect direct comparisons of absolute levels of EMG activity between different individuals, the present study ( Figure 1 ) and a few previous studies showed higher muscle activation levels during gait and balancing tasks while standing in old compared with young individuals (12, 39) . Higher muscle activity is expected because there is a general reduction in the activity of motor cortical inhibitory circuits with age at rest (13, 40) and, more importantly, during standard motor tasks (41) (42) (43) (44) . There is also a downregulation of spinal reciprocal inhibition during standing and walking in old compared with young adults (45) . These data are, however, complicated by the finding that during incline gait, the relative muscle activation levels were similar in the two age groups, indicating perhaps that the ascent task was marginally taxing. In contrast with mechanical factors discussed earlier that accounted for up to ~25% of variation in C w , agonist muscle activity accounted for up to ~50% of the variation in C w in old adults (Figure 2) . Using a sensitive method of EMG analysis and computing coactivation for four instead of the normally used two muscles (4,14-16), we found that coactivation in each gait task was over twofold greater in old versus young adults. Coactivation accounted for up to 60% of variation in C w . Figure 2 shows that the data in old adults drove the correlations between C w and muscle activity in all cases, suggesting a key role for neural factors in the age-related increase in C w . This argument is underscored by the summary plots showing that agonist muscle activity and antagonist coactivity, respectively, account for ~70% and ~40% of the variation in C w for the three gait tasks combined (Figure 3) .
The significant role of muscle activation in C w is expected because the age-related increase in antagonist muscle coactivation would in turn require each agonist muscle to produce additional force, recruit a greater portion of muscle mass, and consume more metabolic energy to offset the opposing force of the antagonist muscles. However, the mechanical work generated by joint torques would not increase because the opposing joint torques by agonist and antagonist muscles would act in the opposite direction without an increase in net mechanical work. Although healthy old adults normally perceive ascending more taxing than descending, the energy cost of descent was still relatively higher in old versus young adults probably due to the early and high activation and coactivation of muscles in order to stiffen and prepare the limb for impact and compensate for low leg strength in old age (24, 46) . Previous studies showed that old adults activate their muscles well before foot contact and also at a high intensity during downward stepping and stair descent (16, (20) (21) (22) (23) (24) , a mechanism observed in the present study through the high association between C w and muscle activation especially in old adults (Figure 2 ). Although coactivation seems to be linked to increased C w , this unfavorable adaptation is compensated by an increase in safety through increased joint stability needed especially during descending gaits during which falls occur at a high rate (47) .
Although an increase in muscle activation and coactivation would increase cost, it could also have benefits by increasing stability of joints involved in gait.
One limitation of the present study is its sole focus on muscle activation's role in C w instead of using a multifactorial approach by including neural factors combined with variables of gait mechanics to predict C w , an approach we plan to use in the future. It is also unclear whether the results would be reproducible for gait tasks performed freely and not on a treadmill. Another limitation is that although we expressed muscle activation relative to maximal EMG activity, such a normalization was not done for oxygen uptake and underestimated Cw, but it is unclear if such a normalization would have affected the association between Cw and muscle activation and coactivation. Although manual muscle testing is used extensively to measure maximal EMG activity in old adults, there is a possibility that the EMG activities recorded in such tasks underestimated the maximal activity, yielding somewhat inflated normalized EMG values in old compared with young adults. This study also failed to examine whether some form of exercise or other intervention would reduce C w by itself or through modifications of neural activation of leg muscles (7, 11, 34) . Finally, we did not examine the possibility how impaired mitochondrial function contributes to the reduced C w in old adults. Although reactive oxygen species damages mitochondrial DNA of aged muscle (48) , causing reduced ATP production (49), neurodegeneration, sarcopenia (50) , and perhaps reduced C w , but this dysfunction occurs in type II muscle fibers that is counteracted by the increased efficiency of mitochondrial function of type I muscle fibers (33) .
In conclusion, the present study showed that the C w is significantly higher in old versus young adults while walking on level and sloped surfaces, especially in decline gait. The increased C w was significantly associated with activity of the agonist and antagonist leg muscles during gait. Adopting methods from neurorehabilitation that are known to modify muscle recruitment during gait (51, 52) and C w in old adults (11) would lead to a mechanistic way to reduce the age-related increase in Cw. 
